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Vibrational Decoupling of Rings in Amorphous Solids
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It has been proposed that the sharp Raman lines seen in vitreous SiO, and other glasses are
the signatures of highly regular rings of bonds connected into a more disordered network. We
derive a condition for vibrational decoupling of the appropriate ring modes from the sur-
rounding network, and thereby explain both the anomalously narrow linewidths and the ab-
sence of Si isotope shifts. The results encourage the development of vibrational spectroscopy
as a probe of intermediate-range order in the form of regular rings in amorphous solids.

PACS numbers: 63.50.+x, 61.40.Df

The vibrational spectra of amorphous (a-) solids
consist primarily of broad lines, whose width has
been ascribed to disorder in the bond angles'~> and
force constants* and to ‘‘breakdown’’ in vibrational
selection rules.’> Recently, however, attention has
been drawn to significantly narrower lines which are
also part of the Raman spectra of several vitreous
(v-) materials, including v-Si0,,° v-B,0;,7 v-
As,0;,% and v-GeSe,.” It has been proposed® that
most of these sharp lines are due to intermediate-
range order!® in the form of highly regular rings of
bonds. In this Letter, we demonstrate very simply
how such ring modes can decouple vibrationally
from the rest of the network, giving Raman lines
with the observed sharpness and other properties.
Elsewhere!! we will present Green’s-function calcu-
lations® on rings terminated by Bethe lattices!? (BL)
appropriate for v-SiO,.

Consider, for example, the polarized Raman
spectra of v-SiO, shown in Fig. 1. The broad
features at 420, 800, 1065, and 1200 cm™! can be
understood in terms of the vibrations of a continu-
ous ‘‘random’ network as described in detail by

ARBITRARY UNITS

Il
1500

0 500 1000
WAVE NUMBER, W (cm™1)

FIG. 1. The polarized Raman spectra of v-SiO,, show-
ing the sharp defect lines D; and D, which have been as-
cribed to various wrong bonds, or broken bonds, or to
regular rings of Si-O bonds embedded in an otherwise
more disordered network.

several authors."**!2  The two sharp lines
(D;=495 cm~! and D,=606 cm™!) have been as-
cribed to a large variety!® of wrong-bond or
broken-bond defects. Galeener®'? has argued that
each of these models contradicts recent experi-
ments and that the observed properties of the sharp
lines are better explained in terms of the breathing
modes of regular rings (which will show little elec-
trical activity). D, was assigned to the breathing
mode of a planar 3-ring, and D, to that of a regular
but slightly puckered 4-ring.® The planar 3-ring is
depicted schematically in Fig. 2. (Since the O-Si-O
angle is assumed to be tetrahedral,® ¢ =109.5° and
6=130.5°).

The ring assignments in v-SiO, were made partly
on the basis of nearly exact agreement with the
dominant Raman frequencies of isolated cyclosilox-
ane ring molecules.!® How can such a breathing
mode be so little shifted or broadened when the
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FIG. 2. The breathing mode of the 3-ring assigned to
D, in Fig. 1. When the net ‘““central”’ force F on each Si
atom is cancelled by the net ‘‘noncentral’ force G, the Si
atoms are motionless, the mode is vibrationally decou-
pled from the rest of the network, and there is no Si iso-
tope shift (for this mode).
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ring is connected into the disordered v-SiO, net-
work? At an extreme, the ring model has been re-
jected!3-13 on the basis!* that “‘small units, embed-
ded in a dense medium, can never give rise to nar-
row vibrational lines. .. a consequence of the uncer-
tainty principle.”” In fact, sharp resonances from
impurity modes are well known in crystals when the
impurities involved are weakly coupled to the rest
of the lattice.'® We now show that a regular ring
which is strongly bonded into the network can have
vibrational modes whose motion is weakly coupled;
so that sharp lines are both possible and likely, even
in an otherwise disordered solid.

Consider the planar 3-ring in Fig. 2. It is con-
nected to the rest of the network by six Si-O bonds
(four of them shown and labeled BL in Fig. 2). In
the breathing mode of the ring all three O atoms
move in phase along the bisectors of ¢ (the dashed
lines in Fig. 2). In general, these O displacements
will exert forces on the Si atoms, which will com-
municate their motion to the rest of the network by
distorting the BL bonds: This will broaden the
breathing-mode frequency, in a way that we shall
calculate later. On the other hand, if there happens
to be zero net force on the Si atoms they will remain
stationary, and the O motion in the ring will not be
coupled to the network.

It is easy to derive a condition for such decou-
pling in terms of the Born force constants « and 8,
where o measures the ‘‘central”” (or bond-length
restoring) force and B the ‘‘noncentral’” (or bond-
orientation restoring) force. Other force-constant
models can be used,!! but the Born forces are the
most common and successful in modern work on
disordered solids.!=*1217 The individual central
(T) and noncentral () forces acting on a Si atom
are shown in the lower right of Fig. 2. In the ab-
sence of Si motion the magnitudes of these
forces are given by f=o'U,, =«a’ucos(0/2) and
g=pB'u, =B usin(6/2), where the prime denotes
the force constant for a bond within the ring. The
magnitudes of the oppositely directed fotal central
(F) and noncentral (G) forces acting on the Si
atom are then given by F=2fcos(¢/2) and G
=2gsin(¢/2). The absence of Si motion requires
F = G, so that perfect decoupling occurs when a'/B’
has the value

(a'/B") 4=tan(6/2)tan($/2). (1

The angular frequency at perfect decoupling is easi-
ly shown!! to be

wi=(a'/m)[(1+cos) + (B'/a’) ;(1—cosh) ],
(2
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where m is the mass of the O atom. In the special
case of the planar 3-ring in Fig. 2 (¢=109.5°
6#=130.5°), one has

(B'/a’) 4=0.326 (3)
and
w3=0.888(a'/m). 4)

In v-Si0O,, the breathing mode of the 3-ring has
been assigned® to D,=606 cm~!. When one as-
sumes perfect decoupling at this frequency, Egs.
(3) and (4) require!8 that the ring force constants be
az=390 N/m and B8;=127 N/m. These values are
very close to those that fit the breathing mode of
the hexamethylcyclotrisiloxane molecule, and com-
pare appropriately with the values of « and 8 de-
duced for the host network, as next described.

Reference 3 shows that the broad network
features in Fig. 1 are well fit with a dihedral-angle-
(8-)averaged Bethe lattice having a =507 N/m,
B=78 N/m, and a most probable Si-O-Si angle
(6) =154°. The substantial differences in force
constants between the BL network and the 3-ring
are to be expected,!®?° because 6 in the ring
(130.5°) is significantly smaller than (#) in the net-
work (~152°). Theoretical calculations of bond-
ing energy versus 0 for a Si-O-Si bridge!® indicate
that the changes are in the expected directions: as
decreases from BL to 3-ring, the Si-O bond length
increases and the stretching force constant « is sub-
stantially reduced; simultaneously, the Si-Si dis-
tance decreases, Si-Si repulsions grow, and the an-
gular restoring forces (hence 8) are appreciably en-
larged.?0

We have studied!! the tolerance for imperfect
decoupling. The network outside the n =3 ring in
Fig. 2 was replaced by six of the above §-averaged
Bethe lattices,? and the ring dynamics were comput-
ed for a range of B’/a’ on either side of perfect
decoupling. This is an adaptation of the cluster BL
method of Laughlin and Joannopoulos.!? Since
greater realism in the model can only increase the
calculated linewidth A W, we will reject all parame-
ter sets leading to A W greater than the observed®
D, linewidth of 30 cm~!. Some examples of com-
puted Raman response are given in Fig. 3.

When the internal ring parameters «’, 8’ are the
same as those for the host Bethe lattice, one obtains
Fig. 3(b), where the dominant Raman line of the
ring is not quite at the correct frequency and is
clearly too wide.

When the perfect decoupling parameters are
used, one obtains Fig. 3(c) in which a single mode
is dominant at 606 cm~! and is of zero width. (The
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FIG. 3. The calculated Raman response
(HH— 3 xHV) for (a) the Bethe lattice that represents
the v-SiO, host network; (b) the 3-ring when the ring
force constants are the same as for the host network; and
(c) the 3-ring when the ring force constants satisfy the
perfect decoupling condition [Eq. (1)]. In (¢), the ring
response is a single narrow highly polarized line showing
no Si isotope shift [as is observed (Refs. 6 and 10) at
D,=606 cm™'].

10-cm ™! width shown is an additive artifact of the
method of avoiding singularities in the computa-
tions.) This O breathing mode contains no Si motion
and will therefore show no Si isotope shift, as is ob-
served?! for both D, and D;.

Figure 4 shows the 3-ring linewidth as a function
of B'/a’, with ' adjusted to keep the peak at 606
cm~!. We conclude that 8’/a’ can vary between
0.20 and 0.56 and still predict a linewidth below the
observed value (40—10=30 cm~!). The decou-
pling condition is thus not very stringent, and it is
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FIG. 4. The calculated linewidth A W for the Bethe-
lattice-terminated 3-ring, showing that the decoupling
condition is not stringent. That is, A W is less than or
equal to observation (40—10=30 cm~!) over a large
range of force-constant ratios (0.2 <8/a'<0.56).

reasonable to believe that chemical bonding has pro-
vided a ratio of central to noncentral forces that al-
lows for adequate decoupling of the ring breathing
mode.

When the angular forces (8) of the Born model
are replaced by the more realistic ones of the simple
valence force field,?? perfect decoupling is still easi-
ly achieved.!! If the length-angle interactions of the
generalized valence force field? are introduced, per-
fect decoupling may not be possible, but such
forces are so weak that adequate decoupling is still
assured.

The case of regular 4-rings has been treated in a
similar way.!! Perfect decoupling of a planar 4-ring
is also described by Egs. (1) and (2), with
¢ =109.5° and 6 =160.5°,° but this leads to unreal-
istic force constants in order to fit the D;=495
cm~! frequency. On the other hand, a regular
puckered ‘‘oxygen boat’’ 4-ring perfectly decouples
at D;=495 cm~! with @ set at the most probable
angle (154°), ¢=109.5°, a;=467 N/m, and
Bs=97 N/m. These force constants are very close
to the BL parameters. The calculated allowable
range of B'/a’ is still greater than that for the 3-
ring, making adequate decoupling extremely likely,
even when the ring is slightly irregular. This dynamical
requirement that the 4-ring be puckered agrees with
the experimental fact?? that the isolated cyclosilox-
ane 4-ring is nonplanar.

Higher-order rings (n=5) are not expected to
be regular in v-SiO,, as discussed in Ref. 6; the
consequent spread in values of 6 will produce
strong coupling of motion to the network, and a
wide range of frequencies. Such responses contri-
bute to the broad features in Fig. 1.

2431



VOLUME 53, NUMBER 25

PHYSICAL REVIEW LETTERS

17 DECEMBER 1984

It has thus been demonstrated that certain modes
of regular rings of 4 -X bonds in an 4X, tetrahedral
glass can be vibrationally decoupled from the rest of
the network to which the rings are strongly attached.
This decoupling can also be realized in crystals and
molecules, since it is accomplished by a near cancel-
lation of central and noncentral forces within the ring
acting on the high-coordination (Si) atoms that con-
nect to the network. Therefore the connecting
atoms do not move during the ring vibration, and
this explains the absence of mode isotope shift
when isotopic substitution is carried out on the con-
necting (Si) atoms. These modes are highly local-
ized! The perfect decoupling condition [Eq. (3)]
need not be satisfied exactly and can be expected to
be adequately met in many network glasses
—opening the way to study of this form of
intermediate-range order by vibrational spectros-
copy.
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